In the last 15 years, the use of doubly fed induction machines in modern variable-speed wind turbines has increased rapidly. This development has been driven by the cost reduction as well as the low-loss generation of Insulated Gate Bipolar Transistors (IGBT). According to new grid code requirements, wind turbines must remain connected to the grid during grid disturbances. Moreover, they must also contribute to voltage support during and after grid faults. The crowbar system is essential to avoid the disconnection of the doubly fed induction wind generators from the network during faults. The insertion of the crowbar in the rotor circuits for a short period of time enables a more efficient terminal voltage control. As a general rule, the activation and the deactivation of the crowbar system is based only on the DC-link voltage level of the back-to-back converters. In this context, the authors discuss the critical rotor speed to analyze the instability of doubly fed induction generators during grid faults.
Nomenclature

DFIG
Introduction
In the last decade, the interest in the use of regenerative energies has increased considerably. Thirty
percent of the total new capacity of installed energy in the European Union between 2002 and 2006
was from wind power. In 2007, the new installed capacity of wind power increased the total to 40%, and wind power became number one in the new installed capacities among all power generation concepts, also including the electrical power from natural gas [1] . In 2008, wind power generation maintained this same first position [1] .
In North America, the installation of wind farms started later and, has intensified only in the last five years. In 2008, the United States assumed the first position in the world ranking of total installed wind power, surpassing Germany [2] . In South America, the country that has been paying most attention to wind power generation is Brazil. The 605 MW of installed capacity mark was achieved in December 2009 [3] . The top 10 ranked countries in the world in cumulative installed capacity of wind power is shown in Table 1 .
Considering the world's largest 10 manufacturers of wind turbines, the world market share in 2008 is summarized in Table 2 . One can see that most of the companies are manufacturing Doubly Fed Induction Generators (DFIG). The Variable Rotor Resistance Induction Generator (VRRIG) is still commercialized by Suzlon, however this technology was replaced by many others manufactures (at least Vestas) by the DFIG. The Electrical Excited Synchronous Generator (EESG) is a mature technology developed basically by Enercon. The world market share presented in Table 2 does not represent the German market share, in which Enercon has reached more than 50% in 2008, as presented in [5] . The use of Permanent Magnet Synchronous Generator (PMSG) in large wind turbines is growing slowly, however with a promising future. Out of the 10 largest wind turbine manufactures only Goldwind sells this technology on the market. The manufacturer Vestas recently announced their intention to produce PMSG for offshore wind farms. The use of DFIG started to grow from 1990s [6] due to the development of low-loss and high power density Insulate Gate Bipolar Transistor (IGBT) and dominates the world market today. The penetration level of wind power has increased rapidly in some countries such as Spain, Germany, Denmark, UK, USA and China. Therefore, new abilities from wind power plants were required to guarantee efficient and reliable operation of the power system. New grid codes require the ability from wind turbines to maintain its connection to the network during and after grid failures [7, 8] .
In 2006, some Transmission System Operators (TSO) adopted even more restrictive code requiring also the ability to provide reactive currents to the network [8, 10] . This ability would lead to a better stability performance of the network increasing residual terminal voltages during grid faults.
Wind turbines based on DFIG have the stator windings connected directly to the grid, making the rotor winding susceptible to high currents induced during grid faults. The rotor windings are connected to the grid via a back-to-back converter, which is very sensitive to over-currents. The most common way to avoid high induced currents in the rotor side converter (RSC) is the use of a crowbar system.
The crowbar system makes the DFIG behave in the same way as a conventional Squirrel Cage Induction Generator (SCIG) with higher rotor resistance expanding the critical rotor speed during the disconnection of the RSC from the rotor winding [11] . There are many papers in the literature about the stability of wind turbines based on DFIG. However, none of them take into account the influence of the crowbar system on the critical fault clearance time or on the critical rotor speed. This article describes such influence by performing the analysis of different crowbar resistance values and operation times.
This article is organized in the following way. Section 2 briefly discusses the dynamic model of the wind turbine based on DFIG. Section 3 presents a review of the large-disturbance stability of induction generators and the concept of critical rotor speed. Section 4 presents the results of the dynamic analysis.
The conclusions are discussed in Section 5.
Dynamic Model of Wind Turbines Based on the Doubly Fed Induction Generator (DFIG)
The dynamic simulations were implemented within SimPowerSystems (a Toolbox of Matlab/Simulink) using the one mass shaft representation. The aerodynamic model and the electrical model are described in the following subsections.
Aerodynamic Model
The Mechanical power captured from the wind and the mechanical torque developed by the turbine shaft can be calculated using the well-know aerodynamic Equations (1) and (2), at least addressed in [12, 13] : The power coefficient (C p ) indicates how efficiently the conversion of wind power to rotational mechanical power is performed by the wind turbine. The Betz limit is the maximum theoretic value reached by the power coefficient which is 0.59 for three blades horizontal axis wind turbine (a more complete discussion can be find in [12] ). The C p curves are obtained experimentally by the manufactures following international rules. In more generic analysis, the Equations (3) and (4) can be used to model the dynamics of the C p . The values of c1-c9 presented in Table 3 were suggested by
Slootweg to represent the aerodynamics of modern wind turbines [13] . The Cp curves were calculated for different tip speed ratio () and different blade pitch angle (). For better visualization, they are shown in Figure 1 
Electrical Model
The network components are represented by three-phase phasor models. The loads are modeled as constant impedances and transformers are represented by the T circuit. The DFIG is represented by an algebraic-differential model in the dq reference frame, as addressed in [14, 15] . The test system shown in Figure 2 is an adaptation of an American Transmission System (WSCC-9), described by M. A. Pai in [16] . The DFIG is the most widespread configuration for wind turbine generators since the development of highly efficient power electronic converters [6] . The concept is based on two back-to-back voltage source converters connecting the grid and the rotor windings. The stator windings are connected directly to the grid (Figure 3 ). The parameters used to model the DFIG can be found in [13] .
As a generic operation strategy, the grid-side converter (GSC) regulates the active power inject (when the slip s > 0) or absorbed (when s < 0) by the rotor windings depending on the operation point.
The rotor-side converter (RSC) regulates the rotor speed and the injection of reactive power to the grid (via rotor windings) to maintain a unitary power factor operation by the wind farm. The schematic diagram of a DFIG is presented in Figure 3 . The crowbar system used in modern wind turbines is based on a three-phase series resistance controlled by power electronics. The crowbar system is activated during over-current on the rotor windings or/and over-voltage on the DC link. Most of the time, these atypical values appear after a short circuit close to the wind farm. The steps involved during the activation and the deactivation of the crowbar system by the circuit breakers (CB) are summarized:
 Disconnection of the rotor windings from the RSC.
 Insertion of the three-phase resistance in series to the rotor windings (crowbar system).
 Disconnection of the crowbar system from the rotor windings.
 Reconnection of the RSC to the rotor windings.
If the voltage at the DC link or/and the current at the rotor windings are at a normal levels, the operation returns to its normal, however, if not, the activation of the crowbar system can be restarted (the second activation is undesirable). Considering more restrictive grid codes, the use of DC-Chopper system in the DC-link is also recommended to avoid the reinsertion of the crowbar system to enable the reestablishment of the terminal voltage control by the RSC. The DC-Chopper is a thyristor controlled resistance, in which the unbalance of electrical power injection into the power system by the GSC and the electrical power injected into the DC-link by the RSC is dissipated. The strategy combining the crowbar system and the DC-Chopper system were previously studied by the authors in [17] . More details about crowbar systems adopted in modern wind turbines can be found in [12, 18] .
The Induction Generators Stability and the Critical Rotor Speed
During short circuits in the grid, the induction generators accelerate due to the reduction of the electrical torque. The large-disturbance stability of induction generators is related to the rotor speed.
Samuelsson and Lindahl named this phenomenon as -Speed Stability‖ in [19] , however, the classical theory of power system stability does not address a specific name for this case and it may be covered by the term -Voltage Stability‖, as published in [14, 20] .
The phenomenon of instability of squirrel-cage induction generator (SCIG) can be visualized using the curves of electrical torque and mechanical torque versus generator speed, as show in Figure 4 . A fixed value of the mechanical torque is considered in this discussion for simplification only. The mechanical torque and the electrical torque curves have two common points represented by A (stable operation point) and B (unstable operation point or critical rotor speed). The time corresponding to the generator acceleration from point A to point B may be called Critical Fault Clearance Time (T crit ), it is the maximum duration of a grid fault supported by the generator without losing the stability. The T crit is related to the critical rotor speed (ω CR ), which in fact indicates the same information, however, in a way to better represent the interest of a specific study. During severe grid faults, the electrical torque drops to zero and the squirrel-cage induction generator starts to accelerate. In case of the fault clearance time (t f ) before achieving the critical rotor speed, the electrical torque returns to the operation point C. In this situation, the electrical torque is higher than the mechanical torque. Therefore, the generator speed decelerates and returns to a stable operation in point A, as shown in Figure 5 . In case of the fault clearance time (t f ) after achieving the critical rotor speed, the electrical torque returns to the operation point C. In this situation, the electrical torque is lower than the mechanical torque, therefore, the generator speed accelerates and does not return to a stable operation ( Figure 6 ). The increase of the rotor resistance modifies the electrical torque curve giving different possibilities of the stable operation point A and enlarges the critical rotor speed (point B). The idea of varying the rotor resistance is used for more than a century to vary the speed of wound rotor induction motors [21] in variable speed applications and more recently in variable rotor resistance induction generator (VRRIG) [6, 12] , as the technology used by Suzlon. The activation of the crowbar system implies that the DFIG become a squirrel-cage induction generator with an extra rotor resistance.
In countries with low wind power penetration the injection of reactive currents during grid faults are not required, for this reason, the crowbar system normally operates during the whole fault period.
When more restrictive policies are in need the operation of the crowbar system must be minimized to start the injection of reactive current by the RSC before the fault clearance. The voltage applied to the rotor windings by the control of the RSC also modifies the electromagnetic torque curve and enlarges the critical rotor speed (ω CR ) in a more efficiently way than the limited action of the crowbar system. In Figure 7 , the complete electromagnetic torque curve versus the slip of a wound rotor induction machine is shown for different values of the direct axis component of the voltage applied to the rotor windings. When the applied value is enlarged, the maximum electromagnetic torque for generator operation (negative T E ) is also enlarged, however, the maximum torque for motor operation (positive T E ) is diminished.
In Figure 8 , the complete electromagnetic torque curve versus the slip of a wound rotor induction machine is shown for different values of the quadrature axis component of the voltage applied to the rotor windings. When the applied value is enlarging in the negative direction, the maximum electromagnetic torque for generator operation (negative T E ) and for motor operation (positive T E ) is enlarged. The maximum torque for generator and for motor operation is diminished when the applied voltage is enlarging in the positive direction. From Figure 7 and 8, we can conclude that the control of the RSC can modify the T E during the short circuit (or immediately after its elimination, depends on the grid requirements) to a value that enlarges the critical rotor speed and forces T E to be equal (or higher) to T M much more faster than in the case of the SCIG despite the higher rotor speed operation of the DFIG.
The Dynamic Analysis of the Crowbar System Actuation during Grid Faults
The main objective of this article is to clarify the influence of the crowbar system on the dynamic performance of DFIG based wind turbines. The influence of the crowbar resistance value and the crowbar operation time are analyzed. The analyses are performed during a 150 ms fault at the bus B5 and at the bus B7 of the test system shown in Figure 2. 
Influence of the Crowbar Resistance Value (R crow )
The control strategy adopted during fault for this analyses is described: the RSC is blocked and the crowbar system is activated; the GSC controls the DC-link voltage; the RSC is restarted and crowbar system is removed after the fault elimination. Different R crow are analyzed (2, 5 and 10 times the original rotor resistance R R ). This is the most common operation mode during faults for countries with no reactive current injection requirement.
The terminal voltage shown in Figure 9a is higher during the fault when the R crow equal to 10
. R R is used. In Figure 9b , the lower consumption of reactive power during the fault can explain the lower value of rotor speed shown in Figure 9c . Considering the stability of the machine the desired rotor speed should be as closer as possible to the normal operation speed in order to avoid the critical rotor speed, as described in Section 3. The active power injected by the DFIG is also increased for high values of the R crow , as shown in Figure 9d . Figure 10 shows the wind farm performances during a fault close to its terminal at the bus B7, the values of the R crow do not contribute in a different way from each other. However, the crowbar system is still important to guarantee a fast reconnection of the RSC to reestablish normal operation and to protect the power electronics of the RSC from damage. If the fault is not eliminated before the critical rotor speed is achieved the rotor may accelerate and loose the stability. The period of time that the wind turbines must remain connected to the network depends on the TSO requirements of the region and of the country (for some countries these times can be found in [8, 10, 22] ). 
Influence of the Crowbar System Operation Time
In countries such as Spain and Germany, the operation mode during fault is more restrictive and the reactive current injection during the fault is required. By consequence, the crowbar system must actuate for a short time in order to enable the reactive current injection by the RSC via rotor windings.
In Figure 11 , the analysis of two different operation times of the crowbar system during a fault at the bus B5 is presented. The DC-Chopper is also enabled to maintain the DC-link voltage during the crowbar system actuation and the R crow is considered equal to 2 . R R for the following analysis. Figure 11a shows that when the crowbar operation time is equal to 100 ms, the terminal voltage increases before the elimination of the fault. As shown in Figure 11b , the injection of reactive power (positive values) during the fault by the RSC contributes to increase the terminal voltage. In Figure 11c , the rotor speed achieved by 100 ms operation time is lower than for 150 ms and the rotor speed operates closer to its normal speed avoiding the operation close to the critical rotor speed. The active power injected by the DFIG is close to zero for both operation times since the terminal voltage is almost zero, as shown in Figure 11d . In Figure 12 , the analysis of two different crowbar system operation time for a more severe fault close to the wind farm at the bus B7 is presented. Figure 12a shows that when the crowbar operation time is equal to 100 ms, the terminal voltage increases before the elimination of the fault. As shown in Figure 12b , the injection of reactive power (positive values) during the fault by the RSC contributes to increase the terminal voltage. Figure 12c shows the rotor speed achieved by the 100 ms operation time does not have any significance on the performance due to the low reactive power injection in very low terminal voltage. The active power injected by the DFIG is close to zero for both operation times since the terminal voltage is very small, as shown in Figure 12d . The most advantage of the use of a shorter operation time is the possibility of reactive power injection during the fault, although, for more severe faults the injection is limited.
Conclusions
This article presents the dynamic analysis of a DFIG-based wind farm connected to a test system.
The dynamic model of the aerodynamics of the wind turbine and the electrical model were described in Section 2. A short revision of the instability phenomenon of induction generators was presented in Section 3. Dynamic simulation to verify the influence of the crowbar resistance value and its operation time were performed and are shown in Section 4.
Based on the results, when the wind turbines must keep connected during faults, the crowbar resistance value should be high enough to guarantee lower reactive power consumption. However, when the fault occurs close to the wind farm, the influence of the crowbar resistance is lower.
For more strict grid codes (such as from Germany and Spain) where the injection of reactive power is mandatory, the operation time of the crowbar system must be reduced to enable a fast restart of the RSC controlling the terminal voltage at the wind farm terminals.
